Introduction
Many patients with advanced B-cell malignancies can be cured by allogeneic hematopoietic stem cell transplantation (alloHSCT). 1, 2 Unfortunately, many patients with B-cell malignancies are not cured after alloHSCT, and the leading cause of death after alloHSCT is progressive malignancy. [2] [3] [4] [5] Patients with progressive malignancy after alloHSCT are often treated with infusions of unmanipulated donor lymphocytes obtained from the allogeneic transplant donor (donor lymphocyte infusions, DLIs). 4, [6] [7] [8] DLIs can induce complete remissions (CRs), but the percentage of patients obtaining remissions after DLIs depends on the type of B-cell malignancy being treated, and regardless of the type of B-cell malignancy being treated, many patients do not enter sustained CRs. 3, 4, [6] [7] [8] [9] In addition, approximately one-third of patients receiving DLIs develop clinically significant graft-versus-host disease (GVHD), which is a potentially fatal complication. 4, 7 Development of new T-cell therapies that specifically target malignancy-associated antigens would be a major advance for the hematopoietic transplantation field. Chimeric antigen receptors (CARs) are fusion proteins incorporating an antigen recognition moiety and T-cell activation domains. [10] [11] [12] [13] T cells can be genetically modified to express CARs and transferred to patients. [13] [14] [15] [16] [17] [18] [19] [20] [21] CARs targeting the B-cell antigen CD19 have been intensively investigated. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Several groups, including our own, are conducting clinical trials of autologous anti-CD19-CAR T cells, and many patients treated on these clinical trials have obtained sustained CRs, 13, 15, 18, 19, 21, 27 but using donorderived allogeneic anti-CD19-CAR T cells to treat B-cell malignancies persisting after alloHSCT has not been reported.
The incidence of GVHD after standard DLIs correlates with the number of infused T cells. 4, 9 We hypothesized that relatively small numbers of allogeneic T cells specifically targeted to CD19 could cause regressions of malignancies that were refractory to other therapies without causing GVHD.
Methods
Clinical trial design and protocol eligibility requirements All enrolled patients gave informed consent in accordance with the Declaration of Helsinki. The protocol (registered at www.clinicaltrials.gov as #NCT01087294) was evaluated and allowed by the Institutional Review Board of the National Cancer Institute. Patients had to have a CD19
1 B-cell malignancy that persisted despite alloHSCT and at least 1 standard DLI.
Patients were required to have either no GVHD, grade 1 acute GVHD, 28 or mild global score chronic GVHD. 29 The trial had 2 arms, 1 for recipients of HLA-matched sibling donor (MSD) transplants and 1 for recipients of unrelated-donor (URD) transplants. Treatment responses of chronic lymphocytic leukemia (CLL) or lymphoma were defined according to standard international criteria.
30,31

Preparation of anti-CD19-CAR T cells and ex vivo assays
Peripheral blood mononuclear cells (PBMCs) were obtained from the patient's MSD or URD. URD cells were obtained through the National Marrow Donor Program. The PBMCs were cultured and transduced as described in Figure 1B and the supplemental Methods (see the Blood Web site). 18 The T-cell culture process involved stimulation of T cells with the anti-CD3 monoclonal antibody OKT3 and culture in IL-2-containing media. The cells were in culture for a total of 8 days. The vector encoding the CAR ( Figure 1A ) and generation of the replication incompetent gammaretroviruses used in transductions have been described. 32 Release criteria for clinical T-cell products were at least 200 pg/mL of IFN-g release against CD19
1 targets in a standard enzyme-linked immunosorbent assay and at least 30% CAR expression on T cells as measured by anti-Fab flow cytometry. Cells were tested for sterility, endotoxin, and replication competent retroviruses as detailed in the supplemental Methods. Flow cytometry, immunohistochemistry, and quantitative polymerase chain reaction (qPCR) are described in the supplemental Methods. 18, 32 A CAR-specific antibody was used. 33 
Results
Characteristics of patients treated with donor-derived allogeneic anti-CD19-CAR T cells
Patients with B-cell malignancies persisting despite prior alloHSCT and subsequent treatment with at least 1 standard DLI received a single infusion of allogeneic anti-CD19-CAR T cells. No antimalignancy therapy except CAR T cells was administered to patients on this clinical trial, and for all patients, at least 4 weeks had elapsed from the time of the most recent prior treatment before anti-CD19-CAR T cells were infused. The patients had all received extensive prior treatment, and none of the 10 patients had obtained Table 1 ). Nine of the 10 patients had either progressive malignancy or stable malignancy at the time of anti-CD19-CAR T-cell infusion; 1 patient was in PR at the time of CAR T-cell infusion ( Table 2) .
Because the patients did not receive chemotherapy or radiotherapy prior to the CAR T-cell infusions, the patients all had large numbers of endogenous blood T cells at the time of their anti-CD19-CAR T-cell infusion (Table 2) . Although depletion of endogenous lymphocytes has been shown to enhance the antimalignancy activity of adoptively transferred T cells in mouse models, 13, 23, 34 we did not include lymphocyte-depleting chemotherapy or radiotherapy in this clinical trial. At the time the trial was initiated, no patient had been treated with allogeneic anti-CD19-CAR T cells, and we were concerned that the allogeneic anti-CD19-CAR T cells in a lymphocyte-depleted recipient could have caused severe GVHD or cytokine-mediated toxicities.
T cells capable of specifically recognizing CD19 were generated in 8 days
The anti-CD19 CAR used in this work includes part of the CD28 costimulatory molecule and the cytoplasmic portion of the CD3z molecule ( Figure 1A) . 32 To produce anti-CD19-CAR T cells, we Table 1 ). 35 The CAR-transduced T cells of all patients degranulated in a CD19-specific manner and produced IFN-g, TNF, and IL-2 in a CD19-specific manner ( Figure 1E -H).
Anti-CD19-CAR T cells caused regressions of malignancies in some patients with B-cell malignancies that were resistant to standard DLIs All patients treated with allogeneic anti-CD19-CAR T cells had highly treatment-resistant B-cell malignances that persisted despite For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From allogeneic transplantation and standard DLIs. Patients 1, 5, and 9 had .50% decreases in malignant lymph node masses as measured by computed tomography (CT) scans within 1 month after receiving anti-CD19-CAR T cells. Patient 5 obtained an ongoing CR, and patient 9 obtained an ongoing PR (Table 3 ). The malignancies of patients 1, 2, 4, 6, 8, and 10 were staged as SD after anti-CD19-CAR T-cell infusion. Patients 3 and 7 had progressive malignancy after their infusions.
Regression of CLL and tumor lysis syndrome in the first patient treated with allogeneic anti-CD19-CAR T cells Patient 1's CLL relapsed after a URD transplant, and the relapsed CLL was treated with 4 standard DLIs and an infusion of experimental tumor-derived lymphocytes. 36 None of these cell infusions caused a substantial regression of his CLL. Next, patient 1 received a multiagent chemotherapy regimen followed immediately by a fifth DLI that contained 5.9 3 10 7 CD3 1 cells per kg of bodyweight.
This treatment caused only a modest decrease in the CLL that was staged as SD; ,3 months after the fifth DLI, the CLL started to progress. He received a course of rituximab that ended 6 weeks before his anti-CD19-CAR T-cell infusion. The rituximab did not cause any regression of the CLL and was the last CLL therapy that the patient received prior to anti-CD19-CAR T cells. After the anti-CD19-CAR T-cell infusion, patient 1 was unchanged for 6 days. From day 6 until day 12 after the T-cell infusion, he experienced fatigue and fevers of up to 40.3°C. The patient's serum lactate dehydrogenase increased before returning to normal levels by 17 days after the T-cell infusion (Figure 2A ). On days 7 through 9 after the anti-CD19-CAR T-cell infusion, he had mild, intermittent hypotension that was successfully treated with intravenous fluid boluses. He developed laboratory evidence of tumor lysis syndrome with elevations in serum magnesium and phosphorous. Despite prophylactic allopurinol that was started 1 day before the anti-CD19-CAR T-cell infusion, the serum uric acid increased rapidly to 9.5 mg/dL 8 days after the T-cell infusion ( Figure 2B) . Administration of the recombinant urate oxidase drug rasburicase reduced the uric acid level. A transient decrease in the total lymphocyte count occurred ( Figure 2C ).
Treatment-refractory CLL regressed after infusion of anti-CD19-CAR T cells
CT scans revealed a dramatic general regression of patient 1's adenopathy after the anti-CD19-CAR T-cell infusion ( Figure 2E) . A bone marrow biopsy performed 2 days before the anti-CD19-CAR T-cell infusion showed extensive CLL involvement ( Figure 3A) . A bone marrow biopsy performed 26 days after the anti-CD19-CAR T-cell infusion showed no morphologic evidence of CLL and only rare B-lineage cells ( Figure 3B ). Blood CD19
1 CLL cells and normal B cells were eliminated after the anti-CD19-CAR T-cell infusion ( Figure 3C ). After the anti-CD19-CAR T-cell infusion, patient 1 became independent of platelet transfusions because his platelet count increased ( Figure 3D ). This improving platelet count was consistent with recovery of platelet production as the bone marrow was cleared of CLL ( Figure 3B ). Of particular interest, the number of T cells in the blood of patient 1 was slightly above normal at the time of the anti-CD19-CAR T-cell infusion, and the blood natural killer (NK) cells were at normal levels before the CAR T-cell infusion (Table 2) ; therefore, this case demonstrated, for the first time, malignancy regression after transfer of anti-CD19-CAR T cells to a recipient who was not depleted of endogenous lymphocytes. Two months after the anti-CD19-CAR T-cell infusion, patient 1's CLL progressed in multiple lymph nodes, and the platelet count started to 
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For personal use only. on April 15, 2017. by guest www.bloodjournal.org From decrease, which indicated CLL progression in the bone marrow. The patient died of progressive CLL 6 months after the anti-CD19-CAR T-cell infusion.
Sustained CR of CLL after infusion of anti-CD19-CAR T cells
Patient 5 had undergone extensive treatment of CLL, including 2 MSD alloHSCTs, before undergoing a URD transplant. She obtained a CR after this third alloHSCT, but her CLL relapsed ;1 year after the transplant. Her relapsed CLL was treated with chemotherapy and a series of 5 DLIs. The maximum DLI cell dose was 1 3 10 8 CD3 1 cells per kg of bodyweight. The patient developed GVHD of the gastrointestinal tract that resolved. None of the DLIs that patient 5 received resulted in a remission. The last standard DLI was administered 13 months before her anti-CD19-CAR T-cell infusion and was her last CLL therapy before her anti-CD19-CAR T-cell infusion. At the time of enrollment on the anti-CD19-CAR trial, her CLL was progressing. PBMCs were obtained from her URD transplant donor, and patient 5 received a single infusion of 1.5 3 10 6 total cells per kg of bodyweight (6.4 3 10 7 total cells). No chemotherapy or other CLL therapy was administered around the time of the CAR T-cell infusion. After the anti-CD19-CAR T-cell infusion, patient 5 was asymptomatic for 7 days. Fevers of up to 39.8°C started 8 days after the T-cell infusion and persisted for 3 days. The patient developed mild intermittent hypotension that required treatment with intravenous fluid boluses for 4 days.
A specific eradication of blood B cells occurred during the 9 days after the anti-CD19-CAR T-cell infusion ( Figure 4A ). At the time of treatment on our protocol, patient 5's persisting CLL was found in lymph nodes, and the blood B cells were polyclonal (data not shown). Patient 5's blood T cells and NK cells were at normal levels at the time of the anti-CD19-CAR T-cell infusion, and the blood T cells and NK cells were retained as the B cells were eradicated ( Figure 4B-C) . During the time that the blood B cells were being eradicated, physical examination revealed a decrease in size of an enlarged supraclavicular lymph node. CT scans revealed resolution of abdominal adenopathy, and the CLL entered a CR ( Figure 4D ).
Because patient 5 did not receive any other antimalignancy therapy around the time of the anti-CD19-CAR T-cell infusion, the eradication of blood B cells and resolution of adenopathy in this patient was attributable to the anti-CD19-CAR T cells. No CLL therapy has been administered to patient 5 since her anti-CD19-CAR T-cell infusion, and her CLL currently remains in CR more than 9 months after the infusion.
MCL regressed in patient 9 after infusion of anti-CD19-CAR T cells
Patient 9 had MCL that was treated with a URD transplant. Following this transplant, the patient obtained a CR, but his lymphoma relapsed 18 months after transplant. In addition to multiple courses of chemotherapy, monoclonal antibodies, and radiation therapy, he underwent 2 DLIs to treat his relapsed lymphoma. Neither of the DLIs caused a significant regression of his lymphoma. His last DLI was 9 months before he received anti-CD19-CAR-transduced T cells. His last lymphoma treatment prior to receiving anti-CD19-CAR T cells was a course of ofatumumab that ended 1 month before the CAR T-cell infusion and resulted in SD. Patient 9 received an infusion of 4 3 10 6 anti-CD19-CAR-transduced T cells per kg of bodyweight. CT scans obtained 1 month after the CAR T-cell infusion revealed a dramatic regression of a mediastinal lymphoma mass, which was the patient's only area of lymphoma ( Figure 5 ). The patient continues in an ongoing PR 3 months after the anti-CD19-CAR T-cell infusion.
Toxicities associated with infusions of allogeneic anti-CD19-CAR T cells
Overall, the most common toxicities attributable to anti-CD19-CAR T cells were fatigue, fever, and hypotension (Table 3) . Despite the fact that 6 of the 10 treated patients had GVHD at some point after their most recent alloHSCT, none of the patients treated on this study developed signs of GVHD after their anti-CD19-CAR T-cell infusions. Patient 1's tumor lysis syndrome has already been described (Figure 1) . Patient 1 had a history of temporarily depressed cardiac function with previous illnesses before receiving anti-CD19-CAR T cells. His cardiac left ventricular ejection fraction decreased from 66% before the anti-CD19-CAR T-cell infusion to 25% 12 days after the CAR T-cell infusion. The cardiac ejection fraction recovered to normal by 4 months after the anti-CD19-CAR T-cell infusion.
Patient 3 had pneumonitis and fever among other toxicities listed in Table 3 . The etiology of patient 3's toxicities is unclear because he had pulmonary infiltrates and mild dyspnea before his CAR T-cell infusion, and respiratory syncytial virus was detected in his bronchoalveolar washings at the time of the pneumonitis by direct fluorescent antibody staining. Importantly, with the exceptions of the depressed cardiac function in patient 1 and B-cell depletion in patients 1, 5, and 10, all toxicities experienced by patients receiving anti-CD19-CAR T cells resolved completely in ,2 weeks after CAR T-cell infusion.
The only patients to have elevations in serum IFN-g were patient 1 (peak level 227 pg/mL), patient 9 (peak level 161 pg/mL), and patient 10 (peak level 64 pg/mL). Patient 1's serum IL-6 level increased 3.5-fold from baseline to its peak 11 days after CAR T-cell infusion. Elevations in serum IFN-g have been previously reported with CLL. 37 In accordance with these previous reports, patient 1's serum IFN-g was elevated before the anti-CD19-CAR T-cell infusion and increased to higher levels during the time of his acute toxicities ( Figure 2D) . No patient had a significant serum TNF elevation.
Persistence of allogeneic anti-CD19-CAR T cells in the blood
We measured persistence of the infused CAR T cells by qPCR ( Figure 6A-B) . The most common pattern of persistence was observed in patients 1, 2, 5, 9, and 10. In these patients, cells containing the CAR gene were not detectable in the blood for at least the first 5 days after infusion. Consistent with in vivo proliferation, the percentage of PBMCs that were CAR 1 then increased rapidly to a peak 7 to 14 days after the infusion. The CAR 1 T cells then decreased rapidly so that minimal numbers of CAR-expressing T cells were detectable beyond 1 month after infusion ( Figure 6A ). CAR 
Discussion
Standard DLIs can induce remissions in patients with B-cell malignancies persisting after alloHSCT; however, these unmanipulated allogeneic lymphocytes can also cause the sometimes fatal complication of GVHD. 4, 7, 9 Many approaches have been tried to separate the cell-mediated allogeneic graft-versus-malignancy effect from GVHD. 39 Nonantigen-specific approaches include culturing donor lymphocytes in sirolimus in an effort to change the functional properties of the donor lymphocytes. 40 Antigen-specific approaches to T-cell therapy have been developed to treat virus-associated malignancies after alloHSCT 41, 42 and to target minor histocompatibility antigens. 43 Lymphocytes were collected from a single patient with acute lymphoblastic leukemia persisting after allogeneic cord blood transplantation, genetically modified to express an anti-CD19 CAR, and reinfused to treat the acute lymphoblastic leukemia after the patient had received chemotherapy. 27 Because clinical trials of autologous anti-CD19-CAR T cells have generated encouraging early results, we decided to study allogeneic anti-CD19-CAR T cells as a way of enhancing the graft-versus-malignancy activity of allogeneic donor-derived lymphocytes. 13, 15, 18, 19, 21, 27, 44 The most impressive antimalignancy responses among the patients on this study were observed in patients 1, 5, and 9. These patients had some characteristics that might be related to why they had objective regressions of malignancy while the other patients did not. Patients 1 and 5 both had CLL, and both of these patients had substantial numbers of blood B cells at the time of CAR T-cell infusion. It is conceivable that blood B cells promoted proliferation or survival of the CAR T cells in vivo. Patients 1, 5, and 9 were all recipients of URD transplants. Patients 1, 5, and 9 had 3 of the 4 highest peak levels of blood CAR 1 T cells when expressed as a percentage of PBMCs ( Figure 6A ). Finally, patients 1, 5, and 9 experienced cytokine release-associated toxicities including hypotension and fever. We conclude that the regressions of CLL in patients 1, 5, and 9 were caused by CD19-specific immune responses rather than general donor-versus-host responses against allogeneic antigens. Four characteristics of the clinical courses of these patients support this conclusion. First, the regressions of CLL in patients 1 and 5 were evident ,2 weeks after the CAR T-cell infusions. Such rapid regressions of malignancy are not consistent with the slower regressions of malignancy that are typically observed after standard DLIs. 9, 45 Second, regression of malignancy after anti-CD19-CAR T-cell infusions was associated with rapid depletion of all B cells (Figures 3 and 4) . Third, in patients 1 and 5, the regressions of CLL after anti-CD19-CAR T-cell infusions were more extensive than the regressions of CLL obtained when these patients received standard DLIs containing much higher numbers of T cells (Tables 1 and 3) . Finally, none of the 3 patients with regression of malignancy after infusion of anti-CD19-CAR T cells had any evidence of GVHD after receiving anti-CD19-CAR T cells. GVHD, which is caused by immune responses against allogeneic antigens, is often associated with antimalignancy responses after alloHSCT and standard DLIs. 3, 7, 9 A unique aspect of this study is that regressions of malignancy and eradication of normal B cells occurred in patients who were not lymphocyte depleted. All of the patients on the study had substantial numbers of endogenous blood T cells at the time of their anti-CD19-CAR T-cell infusions (Table 2 ). There is extensive evidence that the antimalignancy activity of adoptively transferred T cells can be enhanced by depleting endogenous lymphocytes before adoptive T-cell transfer. 13, 23, 34 Despite this evidence, we did not include lymphocyte-depleting chemotherapy in this clinical trial because of concern over excessive T-cell activation, which could have led to GVHD or cytokine-release toxicities. Because we did not include any chemotherapy in our protocol and because at least 4 weeks had elapsed between any prior treatment and infusions of anti-CD19-CAR T cells, our results provide clear evidence of the antimalignancy activity of these T cells.
CAR T cells persisted in the blood of patients for ,1 month ( Figure 6A-B) , and PD-1, a critical marker of T-cell exhaustion, 38 was increased on CAR 1 T cells relative to CAR -T cells ( Figure 7G -H).
We hypothesize that higher peak blood levels of CAR T cells and increased persistence of CAR T cells will be necessary to improve response rates. One approach that we are following to increase the efficacy of anti-CD19-CAR T-cell infusions is to escalate the dose of cells. In another effort to improve the antimalignancy activity and persistence of allogeneic CAR T cells, we plan to give repeat doses of CAR T cells preceded by lymphocyte-depleting chemotherapy to patients with residual malignancy and mild toxicity after BLOOD, 12 DECEMBER 2013 x VOLUME 122, NUMBER 25 ALLOGENEIC ANTI-CD19-CAR T CELLS 4137
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For the first time, we administered anti-CD19-CAR T cells that were derived from healthy allogeneic donors to patients with persisting B-cell malignancies after alloHSCT. GVHD did not develop in patients receiving allogeneic anti-CD19-CAR T cells, and regressions of malignancy occurred in patients with malignancies refractory to standard DLIs. Administration of T cells genetically modified to target malignancy-associated antigens is a promising approach to improve outcomes of patients undergoing alloHSCT.
